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Repeated transient mRNA bursts precede increases
in transcriptional and mitochondrial proteins during
training in human skeletal muscle
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Exercise training induces mitochondrial biogenesis, but the time course of molecular sequelae
that accompany repetitive training stimuli remains to be determined in human skeletal muscle.
Therefore, throughout a seven-session, high-intensity interval training period that increased
V̇O2max (12%), we examined the time course of responses of (a) mitochondrial biogenesis and
fusion and fission proteins, and (b) selected transcriptional and mitochondrial mRNAs and
proteins in human muscle. Muscle biopsies were obtained 4 and 24 h after the 1st, 3rd, 5th and 7th
training session. PGC-1α mRNA was increased >10-fold 4 h after the 1st session and returned to
control within 24 h. This ‘saw-tooth’ pattern continued until the 7th bout, with smaller increases
after each bout. In contrast, PGC-1α protein was increased 24 h after the 1st bout (23%) and
plateaued at +30–40% between the 3rd and 7th bout. Increases in PGC-1β mRNA and protein
were more delayed and smaller, and did not persist. Distinct patterns of increases were observed in
peroxisome proliferator-activated receptor (PPAR) α and γ protein (1 session), PPAR β/δ mRNA
and protein (5 sessions) and nuclear respiratory factor-2 protein (3 sessions) while no changes
occurred in mitochondrial transcription factor A protein. Citrate synthase (CS) and β-HAD
mRNA were rapidly increased (1 session), followed 2 sessions later (session 3) by increases in
CS and β-HAD activities, and mitochondrial DNA. Changes in COX-IV mRNA (session 3) and
protein (session 5) were more delayed. Training also increased mitochondrial fission proteins
(fission protein-1, >2-fold; dynamin-related protein-1, 47%) and the fusion protein mitofusin-1
(35%) but not mitofusin-2. This study has provided the following novel information: (a) the
training-induced increases in transcriptional and mitochondrial proteins appear to result from
the cumulative effects of transient bursts in their mRNAs, (b) training-induced mitochondrial
biogenesis appears to involve re-modelling in addition to increased mitochondrial content, and
(c) the ‘transcriptional capacity’ of human muscle is extremely sensitive, being activated by one
training bout.
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Introduction

The numerous improvements in health and exercise
performance associated with endurance exercise training
are closely related to a progressive increase in the capacity
of skeletal muscle to oxidize fatty acids and carbohydrates
(Holloszy & Booth, 1976; Goodyear & Kahn, 1998; Hood,
2001; Sirikul et al. 2006). These enhancements are due in
part to a greater volume of the mitochondrial reticulum.
Mitochondrial biogenesis occurs rapidly with increased
mitochondrial protein content observed after as little as six

to seven training sessions in humans (Chesley et al. 1996;
Spina et al. 1996; Gibala et al. 2006; Talanian et al. 2007).
The expansion of the mitochondrial reticulum in skeletal
muscle is due to a complex intracellular system of sensing
homeostatic challenges imposed by contractions which
initiate transcriptional programmes essential to increasing
metabolic proteins (Hood, 2001; Booth & Neufer, 2006).

Mitochondrial biogenesis in skeletal muscle is believed
to result from the cumulative effects of transient increases
in mRNA transcripts encoding mitochondrial proteins
after successive exercise sessions (Williams & Neufer, 1996;
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Pilegaard et al. 2000; Fluck & Hoppeler, 2003; Booth
& Neufer, 2006). This process requires the coordinated
expression of both nuclear and mitochondrial (mtDNA)
genomes through factors dedicated to specific families
of genes encoding distinct categories of mitochondrial
proteins (Hood, 2001; Scarpulla, 2002). In the past decade
considerable work has shown that coordinating these
various processes is regulated, in part, by the peroxisome
proliferator-activated receptor γ co-activator (PGC)-1α
(Puigserver et al. 1998; Hood, 2001; Scarpulla, 2006) and
possibly PGC-1β (Arany et al. 2007). This transcriptional
co-activator influences the transcriptional activity of
nuclear respiratory factors (NRFs) (Wu et al. 1999;
Scarpulla, 2002; Kelly & Scarpulla, 2004; Gleyzer et al.
2005) and peroxisome proliferator-activated receptors
(PPARs) (Gilde & Van Bilsen, 2003; Huss & Kelly,
2004) as well as the mitochondrial transcription factor
A (Tfam) through NRF activation (Wu et al. 1999). NRFs
promote the expression of nuclear genes which encode
for proteins in the electron transport chain (Scarpulla,
2002) whereas PPARs regulate genes for lipid trans-
port and metabolism and lipid catabolism (Gilde &
Van Bilsen, 2003). Tfam regulates the expression of the
mtDNA which encodes fundamental respiratory proteins
and other factors involved in mtDNA transcription and
replication (Gordon et al. 2001; Hood, 2001). By inter-
acting with these transcription factors, PGC-1α directs
a coordinated up-regulation of muscle mitochondrial
content and the capacity for substrate metabolism and
oxidative phosphorylation.

The likely involvement of PGC-1 in mediating
training-induced mitochondrial biogenesis is supported
by numerous observations. Both acute exercise (Pilegaard
et al. 2003; Norrbom et al. 2004; Watt et al. 2004; Cartoni
et al. 2005; Russell et al. 2005; Hellsten et al. 2007;
Mortensen et al. 2007) and several weeks of endurance
training (Russell et al. 2003; Short et al. 2003; Kuhl
et al. 2006) increase PGC-1α mRNA, with an increase in
PGC-1α protein after >6 weeks of training in association
with greater mitochondrial enzyme activities (Russell et al.
2003; Kuhl et al. 2006; Burgomaster et al. 2008). A single
bout of exercise also increases PGC-1 α mRNA and protein
(Mathai et al. 2008) in human muscle and stimulates
PGC-1α translocation into the nucleus in rat skeletal
muscle (Wright et al. 2007). Concurrently, this results in
greater binding of NRF-1 and -2 to DNA (Wright et al.
2007) and binding to the nuclear transcription factor
MEF-2 in human skeletal muscle (McGee & Hargreaves,
2004). Collectively, these findings suggest that activation
of PGC-1α in response to acute exercise mediates the early
stages of mitochondrial biogenesis and that increases in
PGC-1α protein expression may serve to amplify the trans-
criptional response to subsequent exercise challenges or
sustain the greater mitochondrial volume already achieved
through training (Pilegaard et al. 2003; Wright et al. 2007).

In other words, a greater PGC-1 protein content may
boost the ‘transcriptional sensitivity’ of the cell to further
exercise challenges. These potential benefits of increased
transcriptional protein expression may also apply to other
transcription factors, especially considering that both
acute and chronic exercise increases the expression of
many of the NRFs (Short et al. 2003; Cartoni et al. 2005),
PPARs (Horowitz et al. 2000; Russell et al. 2003; Watt et al.
2004; Russell et al. 2005) and Tfam (Bengtsson et al. 2001;
Pilegaard et al. 2003; Short et al. 2003; Garcia-Roves et al.
2006; Norrbom et al. 2010) in human skeletal muscle.

The improved oxidative capacity of skeletal muscle
following training may also be due to alterations in
mitochondrial morphology in addition to a greater
mitochondrial content. Mitochondria can exist as a
fused tubular network or ‘reticulum’, and as fragmented
globules (Hoppeler et al. 1973, 1985; Hoppeler, 1986;
Kirkwood et al. 1986, 1987; Ogata & Yamasaki, 1997).
Importantly, fragmented mitochondria appear to possess
lower maximal capacities to oxidize carbohydrates and
fatty acids (Bach et al. 2003; Pich et al. 2005). The
balance between reticular or globular states appears
to be partly regulated by proteins which promote
mitochondrial fusion (mitofusins, MFN-1 and -2)
and fission (dynamin-related protease-1, DRP-1; fission
protein-1, Fis-1) (Joseph et al. 2006; Cerveny et al. 2007;
Westermann, 2008). A single exercise bout can increase
the mRNA of MFN-1 and -2 (Cartoni et al. 2005), while
training increased the amount of reticular mitochondria
in rat muscle (Kirkwood et al. 1987). Collectively, these
observations suggest that mitochondrial fusion may be
important for increasing mitochondrial oxidative capacity
in human skeletal muscle during training.

At present there is a paucity of information with respect
to the sequences of molecular events that occur in human
muscle when mitochondrial biogenesis is induced with
exercise training. Therefore, the purposes of this study
were to (1) examine the time course of responses in
the protein contents of PGC-1α and β, NRF-2, PPARα,
β/δ and γ and Tfam in human skeletal muscle following
repeated exercise sessions, (2) compare these responses to
the time-dependent increases in mitochondrial enzymes,
(3) examine the mRNA responses for the PGC-1 and PPAR
isoforms, Tfam and select genes encoding mitochondrial
proteins throughout training, and (4) determine the
temporal responses of mitochondrial fusion (MFN-1 and
-2) and fission proteins (Fis-1 and DRP-1) during training.
We hypothesized that increased mitochondrial proteins
would be preceded by initial increases in the content
of PGC-1α protein and occur concurrent with early
increases in PGC-1β, NRFs, PPARs and Tfam proteins.
We also hypothesized that initial increases in mRNA
encoding mitochondrial proteins would occur before the
first increase in PGC-1α protein, as has been observed
previously in rats (Wright et al. 2007). We also expected
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that adaptive increases in transcriptional and metabolic
proteins follow the accumulation of transient increases in
mRNA after successive exercise sessions. Finally, we hypo-
thesized that training would increase the ratio of fusion to
fission proteins.

Methods

Subjects

Nine male subjects volunteered to participate in this
study. Their age, height, weight and BMI (mean ± S.E.M.)
were 23.0 ± 0.7 year, 179.3 ± 2.0 cm, 82.1 ± 3.9 kg and
25.4 ± 0.8. Body mass was not different after training
(82.3 ± 3.7 kg). Prior to the study, subjects were
not involved in structured training programmes, but
participated in some form of light aerobic activity (cycling,
jogging) for ∼1 h day−1, 2–3 days week−1. Subjects were
advised to avoid any other physical activity beginning 72 h
before the initial V̇O2peak test (see below) and throughout
the 2 week study to isolate the effects of the training
stimulus on the Pre and each post-training (Post) biopsy.
Subjects were medication free and were advised to refrain
from taking supplements other than multivitamins. The
experimental protocol and associated risks were explained
orally and in writing to all subjects before written consent
was obtained. The study was approved by the Research
Ethics Boards of the University of Guelph and McMaster
University and conformed to the Declaration of Helsinki.

Study design

Each subject completed seven sessions of cycle ergometer
high intensity interval training over a ∼2 week period
Fig. 1). A resting biopsy was sampled before the first
training session as well as 4 h and 24 h after the 1st, 3rd,
5th and 7th training sessions (9 biopsies total, Fig. 1).
Subjects completed a V̇O2peak test 72 h before the Pre
biopsy and 48 h after the Post biopsy by completing a
continuous incremental cycling test to exhaustion on an
electronic cycle ergometer (Lode Instrument, Groningen,
The Netherlands). Pulmonary V̇O2peak was measured
using a metabolic measurement system (Vmax Series
229, Sensormedics Corporation, Yorba Linda, CA, USA).
Subjects refrained from alcohol and caffeine consumption
throughout the entire study including 48 h prior to the
first V̇O2peak test. Subjects were asked to consume their
regular diet throughout the entire study. Analysis of dietary
records verified that all subjects consumed an average
of 2786 ± 491 kcal (54 ± 2% carbohydrates; 24 ± 3% fat;
22 ± 2% protein) 24 h before the Pre biopsy. The average
dietary intake of all 24 h periods prior to each Post session
biopsy was 3325 ± 381 kcal (53 ± 1% carbohydrates,
27 ± 1% fat; 20 ± 1% protein).

High-intensity interval training protocol (HIIT)

Subjects conducted their first training session 48 h after the
first resting biopsy. Subjects trained on a cycle ergometer
(Monark 894 E, Vansbro, Sweden) at a power output that
elicited ∼90% V̇O2peak, 3 days week−1 for 2 weeks. For each
training session, subjects completed 10 exercise intervals
lasting 4 min and separated by 2 min of rest. During the 1st
and 2nd training sessions, the power output was adjusted
to the highest intensity that could be tolerated for a
complete set of 10 intervals. Each subject’s heart rate (HR)
reached a steady state during the final 2 min of intervals
6–10, averaging 183 ± 2.0 beats min−1 (∼93% of HRmax).
This HR was maintained during the remainder of the seven
training sessions by increasing the power output during
the exercise intervals and sessions. During the rest peri-
ods, subjects remained on the ergometer and were allowed
to consume water or a sports drink ad libitum. Four
subjects consumed water and five consumed sports drink
throughout each training session. The volume consumed
was consistent each day (∼750 ml). No differences were
observed in any measurements between subjects who
consumed water and those who consumed sports drink.
All training sessions were supervised by one of the
investigators. The mean power output during the training
sessions increased by 18% between the 1st and 7th
training session (203 ± 11 to 239 ± 11 W, P < 0.05).
V̇O2peak increased by 12% after training (3.74 ± 0.15 to
4.18 ± 0.17 l min−1, P < 0.05).

Percutaneous muscle biopsy procedure

Subjects arrived at the laboratory and rested on a bed. A
single incision was made over the vastus lateralis muscle
of one leg under local anaesthesia (2% lidocaine, no
epinephrine) for muscle biopsy sampling. With the subject
on the bed, a resting muscle sample was taken. Muscle
samples were immediately frozen in liquid N2 and stored

M W F M W F

Day # 1 3 5 8 10 12 15

Session # 1 2 3 4 5 6 7

M

Biopsy:

2 weeks of HIIT (7 sessions) 

Min. 48 hr 
pre-training

NOTE: - Biopsies taken 4 and 24 hr after every other training session.

- VO2peak test performed 72 hrs before the pre-training biopsy

and 48 hrs after the post-training biopsy.

Figure 1. Study design for 2 weeks of high intensity interval
training (HIIT)
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until analysis. Successive muscle biopsies were alternated
between legs.

Muscle enzyme activities

A small piece of frozen wet muscle (6–10 mg) was
removed from each biopsy under liquid N2 for the
spectrophotometric determination of mitochondrial
citrate synthase (CS) and β-hydroxyacyl-CoA
dehydrogenase (β-HAD) maximal activities (37◦C),
as described previously (Srere, 1969; Bergmeyer, 1974).
An aliquot of each muscle enzyme homogenate was
then extracted with 0.5 M perchloric acid (HClO4)
containing 1 mM EDTA and neutralized with 2.2 M

KHCO3. The supernatants from the extracts were used for
the enzymatic spectrophotometric determination of total
creatine (Cr) (Bergmeyer, 1974). Enzyme measurements
were normalized to the highest total Cr content measured
from all biopsies from each subject to correct for the
diluting effects of blood contamination. There was no
change in the average uncorrected total Cr content in
the Pre and Post samples which allowed all Pre and
Post biopsies from one subject to be used for creatine
corrections of enzymatic activities without concern for
training influences on total Cr, as previously reported
(Perry et al. 2008).

Western blot analyses

An aliquot of wet muscle (30 mg) was homogenized
with a Teflon pestle and glass mortar as described
previously (Holloway et al. 2008; Perry et al. 2008).
Protein concentrations were determined using a BCA assay
(Sigma-Aldrich, St Louis, MO, USA). Forty micrograms
of denatured protein was loaded for Western blotting
and resolved by SDS-PAGE on 6–12% polyacrylamide

gels, depending on the molecular weight of the protein,
and transferred to a PVDF membrane. Membranes
were blocked with 7.5% BSA and immunoblotted over-
night (4◦C) with antibodies specific for each protein.
Commercially available monoclonal antibodies were
used to detect COX-IV (Molecular Probes/Invitrogen),
PPARγ (isoforms 1 and 2; R&D Systems, Minneapolis,
MN, USA), PPARα, PPARβ/δ, MFN-1, MFN-2, Fis-1
(Abnova, Hornby, ON, Canada), and DRP-1 (BD
Biosciences, Mississauga, ON, Canada). Commercially
available polyclonal antibodies were used to detect
PGC-1α (Calbiochem, La Jolla, CA, USA), PGC-1β
(Abnova, Hornby, ON, Canada), Tfam (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and NRF-2 (Spring
Biosciences, Fremont, CA, USA). NRF-1 content was not
determined due to inadequate blot qualities obtained
with commercial antibodies. Ponceau staining of total
protein per lane was used to verify consistent loading.
A human muscle crude-membrane standard was loaded
on each gel to correct for differences in blotting
efficiency between gels. Membranes were incubated
for 1 h at room temperature with the corresponding
secondary antibody and the immunoreactive proteins
were detected with enhanced chemiluminescence and
quantified by densitometry (ChemiGenius 2 Bioimaging
system, SynGene, Cambridge, UK). The specificity of the
PGC-1α antibody has previously been established (Benton
et al. 2008a; Benton et al. 2008b; Benton et al. 2010; Buddo
& Benton, unpublished observations; Holloway et al. 2008;
Holloway et al. 2010. Gurd et al. 2009). Representative blots
are shown in Fig. 2.

mRNA

The mRNA content for the isoforms of PGC-1 (α and
β) and PPAR (α, β/δ and γ), Tfam, CS, β-HAD and

PGC-1α ~98 kDa

PGC-1β ~110 kDa

PPARα ~55kDa

PPARβ/δ ~55kDa

PPARγ ~55kDa

NRF-2 ~68kDa

Tfam ~ 30kDa

MFN-1 ~86kDa

MFN-2 ~82kDa

Fis-1 ~18kDa

DRP-1 ~82kDa

COX-IV ~20kDa

Figure 2. Representative Western blots
Bands (left to right) are Pre, 1st-4 h, 1st-24 h, 3rd-24 h,
5th-24 h and 7th-24 h time points. MFN-1 and DRP-1
do not include 1st-4 h.
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Table 1. Primer sequences for RT-PCR

Gene Forward Primer Reverse Primer

CS 5′-CCTGCCTAATGACCCCATGTT-3′ 5′-CATAATACTGGAGCAGCACCCC-3′

β-HAD 5′-GAGGAGGACTTGAGGTTGCCA-3′ 5′-CTCCTGCTCCTGGTAAGGCC-3′

COX-IV 5′-AGAAGCACTATGTGTACGGCCC-3′ 5′-GGTTCACCTTCATGTCCAGCAT-3′

PGC-1α 5′-CACTTACAAGCCAAACCAACAACT-3′ 5′-CAATAGTCTTGTTCTCAAATGGGGA-3′

PGC-1β 5′-TCTCGCTGACACGCAGGGT-3′ 5′-GCACCACTGCAGCTCCCC-3′

PPARβ/δ 5′-ACGGCGCCCTTTGTGATC-3′ 5′-GGTAGAAGACGTGCACGCTGA-3′

PPARα 5′-GACAAGTGCGACCGCAGCT-3′ 5′-CGAATCGCGTTGTGTGACATC-3′

PPARγ 5′-ACCAGCTGAATCCAGAGTCCG-3′ 5′-AGATCGCCCTCGCCTTTG-3′

Tfam 5′-CACCGCAGGAAAAGCTGAAG-3′ 5′-TTCGTCCTCTTTAGCATGCTGA-3′

18S 5′-GACTCAACACGGGAAACCTCAC-3′ 5′-ATCGCTCCACCAACTAAGAACG-3′

Genomic (SLC2A4) 5′-CTGCTCCTGGGCCTCACAG-3′ 5′-CCCCTCGAGATTCTGGATGAT-3′

Mitochondrial (ND5) 5′-CGGCTGAGAGGGCGTAGG-3′ 5′-GATGAAACCGATATCCGCCGA-3′

CS, citrate synthase; β-HAD, β-hydroxyacyl coenzyme A dehydrogenase; COX-IV, cytochrome oxidase sub-
unit IV; PGC-1α, peroxisome proliferator activated receptor γ co-activator-1α; PGC-1β, peroxisome proliferator
activated receptor γ co-activator-1β; PPARβ/δ, peroxisome proliferator activated receptor β/δ; PPARα, peroxisome
proliferator activated receptor α; PPARγ, peroxisome proliferator activated receptor α; Tfam, mitochondrial
transcription factor A.

COX-IV were determined using procedures described
previously (Handschin et al. 2007a; Benton et al. 2008a).
RNA was isolated from ∼20 mg wet muscle using
TRIzol reagent (Invitrogen) and an RNeasy mini kit
(Qiagen). Total RNA was treated with RNase-free DNase
(Qiagen) during the column purification as outlined by
the manufacturer. Reverse transcription was conducted
using a First Strand cDNA synthesis kit for reverse
transcription-PCR (avian myeloblastosis virus) (Roche
Applied Science) using random primers. Real time PCR
was performed using a 7500 real time PCR system
(Applied Biosystems) using Platinum SYBR Green qPCR
Supermix-UDG (Invitrogen). Relative mRNA levels were
calculated using the ��CT method using 7500 System
SDS software version 1.2.1.22 (Applied Biosystems). 18S
ribosomal RNA was used as an endogenous control. A
comparison of the 18S CT values between all biopsy
time-points within each subject indicated 18S mRNA
did not change throughout training. Dissociations curves
verified that a single PCR product was amplified. Primer
sequences are in Table 1.

Mitochondrial DNA (mtDNA)

mtDNA content was determined using real time PCR
as previously described (Benton et al. 2008a). Total
DNA was isolated using DNeasy blood and tissue kit
(Qiagen). mtDNA primers were designed using the human
mitochondrial genome sequence (GenBankTM accession
number NC 001807) within the NADH dehydrogenase
subunit 5 gene (ND5). Primers measuring genomic
content were designed within exon 6 of the solute carrier
family 2 (facilitated glucose transporter), member 4
(SLC2A4, GenBankTM accession number NM˙001042).
mtDNA content was calculated by the ��CT method

using genomic DNA content as an internal standard
with 7500 System SDS software version 1.2.1.22 (Applied
Biosystems). Primer sequences are provided in Table 1.
The efficiency for all primer sets for mRNA and mtDNA
was 100 ± 2.5%.

Statistics

Results are expressed as mean ± standard error of the
mean (S.E.M.). The level of significance was established at
P < 0.05 for all statistics. A one-way ANOVA with repeated
measures was used to test for difference in training power
outputs and heart rates as well as all muscle measurements
across the seven training sessions. When a significant
F-ratio was obtained, post hoc analyses were completed
using a LSD post hoc analysis. Student’s t test for paired
data was used to assess the effects of training on V̇O2peak.

Results

Mitochondrial biogenesis

mtDNA. mtDNA increased with training. However, this
was not observed until 24 h after the 3rd session (+65%,
P < 0.05) and continued to increase further until 24 h after
the 5th session (+118%, P < 0.05; Table 2).

Mitochondrial enzymes. CS mRNA (48%) and β-HAD
mRNA (17%) were increased 4 and 24 h after the 1st
session (P < 0.05; Fig. 3A and B), and continued to
increase until after the third exercise session (P < 0.05).
Thereafter, CS mRNA remained up-regulated (Fig. 3A)
while β-HAD mRNA declined until the 7th training
session (P < 0.05; Fig. 3B). The rapid increases in β-HAD
(4 h) and CS mRNA (24 h) after the initial exercise session
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Table 2. mtDNA, Tfam and NRF2 responses during 2 weeks of high-intensity interval training in human skeletal muscle

Pre 1st-4 h 1st-24 h 3rd-4 h 3rd-24 h 5th-4 h 5th-24 h 7th-4 h 7th-24 h

mtDNA 1 1.2 ± 0.15 1.3 ± 0.1 1.1 ± 0.1 1.7 ± 0.1∗ 1.8 ± 0.2∗ 2.2 ± 0.4∗§ 1.1 ± 0.1‡ a,c 1.7 ± 0.4∗

Tfam mRNA 1 1.5 ± 0.2∗† 1.2 ± 0.1∗b 1.6 ± 0.2∗† 1.4 ± 0.2∗ 1.6 ± 0.2∗† 1.4 ± 0.2∗ 1.6 ± 0.3∗†c 1.5 ± 0.3∗†
Tfam protein 1 0.7 ± 0.1∗†‡c 1.0 ± 0.1 ND 1.1 ± 0.1 ND 1.1 ± 0.1 ND 0.7 ± 0.1∗†‡c

NRF-2 protein 1 1.0 ± 0.3 1.2 ± 0.1 ND 1.5 ± 0.3∗#c ND 1.0 ± 0.2 ND 1.7 ± 0.3∗#†c

Values are relative to pre-training contents which were set to 1 and are presented as means ± S.E.M. mtDNA, mitochondrial DNA;
Tfam, mitochondrial transcription factor A; NRF-2, nuclear respiratory factor 2, n = 8–9. ∗Significantly different from Pre (P < 0.05);
#significantly different from 1st-4 h; †significantly different from 1st-24 h; ‡significantly different from 3rd-24 h; asignificantly different
from 7th-24 h; bsignificantly different from all 4 h time points; csignificantly different from 5th-24 h; §significantly different from all
24 h time points (P < 0.05). ND, no data.

occurred well before the first observed increases in the
maximal activities of β-HAD (8%, 24 h after the 3rd
session) and CS (17%, 4 h after the 3rd session) (P < 0.05;
Fig. 3D and E).

In contrast to the training induced responses in β-HAD
and CS mRNAs, up-regulation of COXIV mRNA occurred
considerably later (29%, P < 0.05; 4 h after 3rd session).
Thereafter, it remained elevated for the remainder of
training (Fig. 3C). The first increase in COX-IV protein
occurred 24 h after the 5th training session (20%, P < 0.05;
Fig. 3F).

Transcription proteins

PGC-1α: PGC-1αmRNA increased by>10-fold within 4 h
after the initial exercise session and returned to Pre levels
24 h into recovery (P < 0.05; Fig. 4A). Each subsequent

session repeatedly stimulated increases in PGC-1α mRNA
4 h after the session followed by a return to the Pre
level by 24 h (P < 0.05). However, the magnitude of the
4 h increase after each training session was progressively
decreased, resulting in a ‘stair-case’ type response over
seven training sessions.

PGC-1α protein expression occurred later (23%, 24 h
after 1st session, P < 0.05; Fig. 4C) than PGC-1α mRNA.
Moreover, unlike the reduced PGC-1α mRNA responses
over seven training sessions (P < 0.05; Fig. 4A), PGC-1α
protein expression continued to increase, attaining a
plateau (+42%, P < 0.05) by the 5–7th training session
(Fig. 4C).

PGC-1β. PGC-1β mRNA increased 2.6-fold 4 h after the
1st session and decreased by 24 h, but not to Pre levels
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Figure 3. Maximal activities and protein content of mitochondrial enzymes in skeletal muscle
throughout 2 weeks of high-intensity interval training
A, citrate synthase (CS). B, β-hydroxyacyl CoA dehydrogenase (β-HAD). C, COX-IV. Values are means ± S.E.M.
for 9 subjects. ∗Significantly different from Pre, #significantly different from 1st-4 h, †significantly different from
1st-24 h, ‡significantly different from 3rd-24 h (P < 0.05).
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(P < 0.05; Fig. 4B), as it remained up-regulated by 58%
at 24 h. This pattern continued throughout training, with
the content being consistently up-regulated (138–162%)
4 h after each training session, and decreasing at each 24 h
time point, but staying 67–81% above the Pre level at all
24 h time points (P < 0.05).

Up-regulation of PGC-1β protein expression occurred
later than PGC-1α protein expression (16%, 24 h after the
3rd session) and eventually declined to Pre level after the
7th session (P < 0.05, Fig. 4D).

PPAR isoforms. PPARβ/δ mRNA increased 50% 4 h after
the 1st session and returned to the Pre level by 24 h
(P < 0.05; Fig. 5A). This pattern continued throughout
training. Surprisingly, no increases in PPARα or γ mRNA
was observed at any time point (Fig. 5B and C).

Up-regulation of PPARβ/δ protein expression occurred
after the 5th session (21%, 24 h) and remained elevated
(31%) after the 7th session (P < 0.05; Fig. 5D). PPARα
(25%; 24 h) and PPARγ (18%; 24 h) protein were greater
after the 1st session (P < 0.05). PPARα protein increased
further after the 7th session (60%, P < 0.05; Fig. 5E)

whereas PPARγ protein returned to Pre levels by the end
of training (P < 0.05; Fig. 5F).

Tfam and NRF-2. Tfam mRNA increased rapidly (54%,
4 h after session 1) and remained elevated throughout
training (P < 0.05; Table 2). Tfam protein content was
essentially unchanged throughout training and NRF-2
protein increased by ∼50% after the 3rd training session
(P < 0.05; Table 2).

Mitochondrial fusion and fission proteins. The protein
contents of MFN-1 and -2 were not affected by training
except for an increase in MFN-1 after the 7th training
session (35%, P < 0.05; Fig. 6A and B). However, Fis-1 was
up-regulated after the 3rd session (42%) and more than
doubled after the 7th session (111%, P < 0.05; Fig. 6C).
DRP-1 was increased after the 3rd session (47%) and
remained up-regulated thereafter (P < 0.05; Fig. 6D).

Discussion

It has been suggested that increased mitochondrial
protein expression follows repeated training-induced

0

2

4

6

8

10

12

14 *§

*§

*§#

*§b

P
re

1s
t-4

h

1s
t-2

4h

3r
d-

4h

3r
d-

24
h

5t
h-

4h

5t
h-

24
h

7t
h-

4h

7t
h-

24
h

 m
R

N
A

(r
e
la

ti
v
e
 t

o
 P

re
)

0.5

1.0

1.5

2.0

2.5

3.0

3.5

*§ *§

*§*§

P
re

1s
t-4

h

1s
t-2

4h

3r
d-

4h

3r
d-

24
h

5t
h-

4h

5t
h-

24
h

7t
h-

4h

7t
h-

24
h

* * **

 m
R

N
A

(r
e
la

ti
v
e
 t

o
 P

re
)

0.8

1.0

1.2

1.4

1.6

1.8

*
*

*†

*

P
re

1s
t-4

h

1s
t-2

4h

3r
d-

24
h

5t
h-

24
h

7t
h-

24
h

 P
ro

te
in

(r
e
la

ti
v
e
 t

o
 P

re
)

0.8

1.0

1.2

1.4

1.6

1.8

* *†

P
re

1s
t-4

h

1s
t-2

4h

3r
d-

24
h

5t
h-

24
h

7t
h-

24
h

 P
ro

te
in

(r
e
la

ti
v
e
 t

o
 P

re
)

A B

C D

Figure 4. Skeletal muscle PGC-1α and PGC-1β mRNA (A and B) and protein content (C and D) throughout
2 weeks of high-intensity interval training
Values are means ± S.E.M. for 8–9 subjects. ∗Significantly different from Pre, §significantly different from all 24 h
time points, #significantly different from 1st-4 h, bsignificantly different from all 4 h time points, †significantly
different from 1st-24 h (P < 0.05).
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transient increases in mRNA expression of selected
genes, and that repeated bursts in mRNA expression
are fundamental to the intracellular adaptive response
to exercise training (Neufer & Dohm, 1993; O’Doherty
et al. 1996; Williams & Neufer, 1996; Pilegaard et al.
2000; Hood, 2001; Booth & Neufer, 2006). Therefore, we
examined the early time course of several potential trans-
criptional, translational and morphological processes
that are involved in mitochondrial biogenesis during
exercise training in human skeletal muscle. Importantly,
the temporal resolution of this study revealed unique
expression patterns of many mitochondrial and trans-
criptional mRNAs and proteins. In general, an increase in
mRNA was observed before the initial increase in protein
for a given mitochondrial enzyme and transcription
protein. However, both the timing and magnitude
of mRNA and protein responses varied considerably
for transcription and mitochondrial proteins. Rapid
up-regulation of PGC-1α, PGC-1β and PPAR β/δ mRNAs
(<4 h) occurred transiently after one session and were
repeatedly stimulated after each session. PGC-1α and
PPARα protein expression were up-regulated rapidly
(<24 h), while PGC-1β and PPAR β/δ and γ protein
expression were delayed (3rd session). Similarly, despite
rapid up-regulation of CS and B-HAD mRNAs (<24 h),
the increase in protein expression, as suggested by their
maximal activities, were also not apparent until after the
3rd session. These genes eventually became less sensitive
to exercise challenges. In addition, the mitochondrial

fission protein Fis-1 increased earlier during training (3rd
session) and to a greater extent than the fusion protein
MFN-1 (7th session).

These observations suggested that the rapid increase
in the content of PGC-1α may have been responsible
for the induction of PPARs and selected mitochondrial
protein expression. Collectively, this investigation reveals
numerous and precise time-dependent molecular events
that are likely to have contributed to the early phases
of mitochondrial biogenesis during training in human
skeletal muscle.

Temporal responses in mitochondrial biogenesis
during training

Several weeks of endurance exercise training increases
the maximal activities and content of mitochondrial
proteins involved in lipid and carbohydrate oxidation
(Holloszy & Coyle, 1984). These responses have also
been observed after only six to seven training sessions
of moderate or high intensity exercise (Gulve & Spina,
1995; Chesley et al. 1996; Burgomaster et al. 2005;
Talanian et al. 2007). The present study demonstrated
that increases in the maximal activities of CS and β-HAD,
as well as mtDNA content, can occur after only three
high-intensity interval training sessions over a five day
period. The preceding and sustained increases in CS and
β-HAD mRNA support the hypothesis that the cumulative
effect of transient bursts in gene expression encoding
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Figure 5. Skeletal muscle PPARα, PPARβ/δ and PPARγ mRNA (A, B and C) and protein content (D, E and
F) throughout 2 weeks of high-intensity interval training
Values are means ± S.E.M. for 8–9 subjects. ∗Significantly different from Pre, §significantly different from all 24 h
time points, †significantly different from 1st-24 h, ‡significantly different from 3rd-24 h (P < 0.05).
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mitochondrial proteins are required for the adaptive
protein responses to exercise training (Williams & Neufer,
1996; Pilegaard et al. 2000; Fluck & Hoppeler, 2003; Booth
& Neufer, 2006). Furthermore, the initial increases in
mRNA encoding of certain oxidative enzymes (CS and
COX-IV) were more delayed after the 1st session relative to
the mRNAs encoding some of the transcription proteins
(PGC-1α, PGC-1β and PPAR β/δ). These late vs. early
expression rates for oxidative enzymes and transcription
proteins has also been reported recently in human skeletal
muscle (Leick et al. 2009) and was previously suggested
to be a reflection of the transient importance of certain
transcriptional proteins in mediating an early adaptive
response to exercise (Williams & Neufer, 1996; Booth
& Neufer, 2006). Our data support this suggestion but
further evidence is required to determine if this concept is
true.

Temporal relationship between PGC-1 isoforms
and mitochondrial biogenesis

PGC-1α. Up-regulation of PGC-1α protein appears to be
extremely sensitive to intense exercise in human muscle
given the initial increase was observed after only one

session. This early increase preceded the initial increases in
CS and β-HAD maximal activities (3rd session). However,
this increase in PGC-1α occurred after the first increase in
β-HAD mRNA and concurrent with the first CS mRNA
elevation. This suggests that Pre levels of PGC-1α are
sufficient to mediate the initial transcriptional phase
of selected oxidative genes involved in mitochondrial
biogenesis, but that early increases in PGC-1α protein
content are likely to be important to support further
adaptive phases during training.

The mRNA response of PGC-1α was attenuated as
training progressed despite a continual increase in training
power output. Pilegaard et al. (2003) observed the opposite
pattern, with increased PGC-1α mRNA 2 h after single-leg
kicking exercise being greater following training. While
this discrepancy may be due to differences in exercise
modality, our data suggest transcriptional responses to
exercise challenges are attenuated as training adaptation
progresses. Hence, blunted transcriptional responses may
explain the plateau phenomenon typical after muscle has
adapted to training. Attenuated mRNA responses after the
last exercise session were also seen for CS and β-HAD.

The mechanism by which PGC-1α mediates the initial
phase of mitochondrial biogenesis has been previously
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Figure 6. Protein content of skeletal muscle MFN-1 (A), MFN-2 (B), Fis-1 (C) and DRP-1 (D) throughout
2 weeks of high-intensity interval training
Values are means ± S.E.M. for 6–9 subjects. ∗Significantly different from Pre, †significantly different from 1st-24 h,
‡significantly different from 3rd-24 h (P < 0.05).
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explored. Holloszy’s group (Wright et al. 2007) observed a
greater protein content of several mitochondrial enzymes
immediately after prolonged exercise in rats (6 h of
swimming) which preceded increased PGC-1α protein.
Furthermore, increased PGC-1α protein was preceded
by rapid translocation of PGC-1α into the nucleus
followed by NRF-1 and -2 binding to DNA and increased
CS mRNA. In contrast, Hargreaves’s group (McGee &
Hargreaves, 2004) did not observe an increase in nuclear
PGC-1α protein immediately after cycling (1 h at 70%
V̇O2max) in human skeletal muscle, but did find indices
of increased nuclear PGC-1α activity (co-activation of
the transcription factor MEF-2) with no change in total
PGC-1α protein content. However, Little et al. (2010)
recently demonstrated acute exercise (90 min cycling at
∼65% V̇O2max) increased nuclear PGC-1α protein content
also with no change in total PGC-1α protein. These
observations suggest PGC-1α is activated in response to
exercise in both rat and human skeletal muscle but the role
of bolstering nuclear PGC-1α contents via nuclear trans-
location from the cytoplasmic pool remains equivocal
in humans. Hence, activation of existing PGC-1α may
explain the initial increases in CS and β-HAD mRNA
prior to increases in PGC-1α protein in the present study.
Furthermore, our report of no increase in PGC-1α protein
4 h after the 1st training session is similar to previous
reports at the end of exercise in rats (Wright et al. 2007)
and humans (McGee & Hargreaves, 2004), although an
increase has been observed following 2 h of continuous
exhaustive exercise in males (Mathai et al. 2008).

Pilegaard et al. (Leick et al. 2008) reported that PGC-1α
knock-out mice synthesized mitochondrial enzymes to a
similar extent as control mice after 5 weeks of training.
Given that exercise appears to activate PGC-1α in vivo
(McGee & Hargreaves, 2004; Wright et al. 2007), these
results suggest PGC-1α likely mediates training-induced
mitochondrial biogenesis but alternative mechanisms are
also involved. A possible corollary is that an absence of
PGC-1α may simply impede the rate of mitochondrial
biogenesis without affecting the maximal increase over
time. Indeed, the early increase in PGC-1α protein in
this study (<24 h) suggests greater PGC-1α content may
enhance the rate of biogenesis in response to subsequent
exercise challenges.

PGC-1β. Previous work reported that a single bout of
exercise does not increase PGC-1β mRNA in human
(Mortensen et al. 2007), mouse (Meirhaeghe et al. 2003)
and rat (Koves et al. 2005) skeletal muscle. Our data
contrast with these findings, as PGC-1β mRNA increased
∼2.6-fold after one exercise session (<4 h). This may
be due to the high-intensity interval exercise employed
in the present study which suggests this gene is more
responsive to greater exercise challenges. The increase in

PGC-1β protein followed by a return to Pre level by the
7th session suggests a prominent role for PGC-1β early
during training. This may explain why others reported no
change in PGC-1β mRNA in humans following 10 weeks
of single leg-kick training (Mortensen et al. 2007).

In a broader context, the varied responses of PGC-1α
and β over only seven sessions underscore the importance
of assessing mRNA and protein over multiple time points
during training. Transient responses in certain genes may
occur early and be missed with an end-point study design.

Temporal relationship between transcription factors
and mitochondrial biogenesis

The PPAR β/δ, α and γ isoforms regulate the expression
of nuclear genes involved in fatty acid metabolism, are
co-activated by PGC-1α (Gilde & Van Bilsen, 2003) and
possess considerable influence on either lipid catabolic
capacities (Gilde & Van Bilsen, 2003; Seedorf & Aberle,
2007) or skeletal muscle insulin sensitivity (Hevener
et al. 2003; Norris et al. 2003). We found that acute
high-intensity exercise increased PPARα and γ protein
whereas multiple bouts were required for PPAR β/δ
protein expression. Similar to the arguments presented for
PGC-1α, the initial increases in PPARα and γ protein were
likely not to be important for the initial increases in CS and
β-HAD mRNA since all of these increases were observed
after one training session. However, the initial increases
in PPARα and γ protein may have contributed to the
relatively high rate of increase in β-HAD maximal activity
by the 3rd session given that the β-HAD gene contains a
PPAR response element (Zhang et al. 1992). Conversely,
the delayed increase in PPARβ/δ suggests an important
role near the end of the 2 week training period although its
contribution to initial phases of mitochondrial biogenesis
also seems likely. Finally, increased PPARα and γ protein
during training were not related to greater mRNA of these
genes at the measured time points. This suggests these
mRNA transcripts may appear at points other than 4 and
24 h. In support of this, increased PPARα mRNA has been
reported 6 h after exercise but not 2 or 24 h into recovery
in humans (Pilegaard et al. 2003).

Our data suggests that Tfam protein experienced
dynamic turnover early during training but essentially
did not change after 2 weeks. Furthermore, the increase
in mtDNA with no change in Tfam protein suggests
that activation of existing Tfam may contribute to
mitochondrial biogenesis during training, which is similar
to previous findings (Gordon et al. 2001). The erratic
increases in NRF-2 protein are difficult to interpret but
considerable variability in the mRNA of NRF-2 and Tfam
in human skeletal muscle following exercise have also been
reported previously (Pilegaard et al. 2003).
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Speculations on the transcriptional regulation
of mitochondrial biogenesis during training

Interestingly, certain genes for transcription proteins
(PGC-1α, PGC-1β, PPARβ/δ and Tfam) responded
with greater magnitudes than any of the genes for
mitochondrial proteins. This suggests that a considerable
effort is made to quickly boost the transcriptional capacity
of the cell, which indeed happens early for the PGC-1
and PPAR isoforms. Importantly, these rapid increases
in transcription proteins are likely to contribute to the
very early and modest increases in mitochondrial enzymes.
The greater up-regulation of these transcription protein
contents relative to the genes for the oxidative enzymes CS
and COX-IV has also been proposed previously (Williams
& Neufer, 1996; Booth & Neufer, 2006). Nevertheless,
many protein increases appeared to occur in response
to the cumulative effects of transient increases in their
respective mRNA transcripts following multiple exercise
sessions. A stark example is PGC-1α whereby very large
increases in mRNA contributed to gradual increases in
PGC-1α protein that preceded the increase in CS maximal
activity (shown schematically in Fig. 7) as well as β-HAD
maximal activity and COX-IV protein. Overall, these data
suggest a complexity in the transcriptional regulation of
exercise-induced mitochondrial biogenesis that has not
been apparent in previous investigations. While activation
of these and other transcription proteins is surely critical
for increasing the expression of metabolic genes during
exercise, increases in the content of many of these proteins
between only 1–5 exercise sessions (PGC-1α, PGC-1β,
PPARα, β/δ, γ and NRF-2) likely increases the ‘trans-
criptional capacity’ of the cell such that the rate and
magnitude of mitochondrial biogenesis is amplified early
in training (Wright et al. 2007).
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Figure 7. Representative figure demonstrating temporal
responses and relationship of PGC-1α mRNA, PGC-1α protein
and CS maximal activity throughout 2 weeks of high-intensity
interval training

Temporal relationship between mitochondrial
biogenesis and fusion and fission proteins

A fused mitochondrial reticulum possesses a greater
capacity to oxidize carbohydrate and fatty acid (Bach et al.
2003; Pich et al. 2005). Hence, the greater mitochondrial
oxidative capacity following training may be due in part
to greater fusion and elongation of the reticular network
(Kirkwood et al. 1987). We hypothesized that the fusion
proteins MFN-1 and -2 would increase and the fission
proteins, Fis-1 and DRP-1 would decrease resulting in a
greater ratio of fusion to fission proteins. Unexpectedly,
training stimulated a delayed increase in MFN-1 protein
with no change in MFN-2 but considerable increases
in both Fis-1 and DRP-1. In support of these findings,
a recent report showed decreased MFN-1 mRNA and
protein and MFN-2 mRNA during and following 150 min
of exercise in rat skeletal muscle whereas Fis-1 mRNA
and protein increased considerably after exercise (Ding
et al. 2009). Conceivably, fission may be required to
remodel and/or expand the reticulum during proliferation
or to disassemble parts of the reticulum into fragments
for re-location (Skulachev, 2001) and fusion into other
regions of the network. However, in the absence of visual
confirmation of morphology, we are left to speculate
that the previous demonstration of increased reticular
formation following training (Kirkwood et al. 1987)
occurred in the present study through activation of
existing fusion proteins.

Measurement of PGC-1α protein

Within the scientific community concerns have been
raised about the specificity of some PGC-1α antibodies
and, therefore, the proper detection of the PGC-1α
protein band on Western blots. We, therefore, in the next
paragraphs summarize the objective evidence that the
antibody we have used in this and earlier publications
is specific.

At first glance testing of the PGC-1α antibody specificity
in tissues of PGC-1α KO mice would seem to be the
‘gold standard’ for determining the specificity of anti-
bodies against PGC-1α. Some reports appear to show that
there are multiple PGC-1α bands in tissues of PGC-1α
KO mice (Lin et al. 2004; Handschin et al. 2007b; Estall
et al. 2009). However, one study (Lin et al. 2004) used a
polyclonal antibody in PGC-1α KO mice, which would
of course yield multiple bands. In two other reports
with PGC-1α KO mice it is not clear whether polyclonal
or monoclonal antibodies were used (Handschin et al.
2007b; Estall et al. 2009). However, a recent published
report employing a monoclonal antibody against PGC-1α
demonstrates that, as expected, PGC-1α protein is found
in muscle of WT mice (∼100 kDa), but it is not detected
in muscle of PGC-1α KO mice (Little et al. 2010). As
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far as we can determine this appears to be the only
published investigation in which the specificity of a
monoclonal antibody against PGC-1α has been tested
explicitly. These very recent data (Little et al. 2010)
demonstrate that PGC-1α protein can be reliably detected,
and these observations contrast with difficult to sub-
stantiate, unpublished, informal concerns that have been
raised about detecting PGC-1α in PGC-1α KO mice.

We (Benton et al. 2008a,b, 2010; Holloway et al.
2010; Buddo & Bonen unpublished data) and other
groups (Aquilano et al. 2010; Consitt et al. 2010; Xiong
et al. 2010) have utilized alternative methods to validate
PGC-1α antibodies, namely overexpression or knock
down of PGC-1α in mammalian muscle and selected cell
lines. In all of these studies that have employed genetic
approaches, the polyclonal antibodies against PGC-1α
detected the expected increases and decreases in this
protein, as well as the expected PGC-1α-induced changes
in mitochondrial content. Specifically, in the work from
our laboratory we have overexpressed PGC-1α modestly
in muscle to be within physiologically realistic limits
(Benton et al. 2008a,b, 2010; Holloway et al. 2010; Buddo &
Bonen unpublished data). In these PGC-1α transfection
studies we routinely observe an increase of 25–40% in
PGC-1α protein, a change that closely reflects the increase
observed in PGC-1α mRNA (Benton et al. 2008a,b,
2010; Holloway et al. 2010; Buddo & Bonen unpublished
data). Importantly, in these experiments inducing PGC-1α
upregulation (25–40%) fails to alter the content of the
non-specific bands that are detected when using a poly-
clonal antibody. Specifically, in 17 randomly selected
experiments from among ∼50 experiments performed by
four different people in our group (Benton et al. 2008a,b,
2010; Buddo & Bonen unpublished data), non-specific
bands in sham-transfected muscle are 100 ± 4% while
non-specific bands in the contralateral PGC-1α trans-
fected muscles are 102 ± 5.9% (P > 0.05). Furthermore,
the excellent correlations that we obtain among PGC-1α
protein and many proteins regulated by PGC-1α (range
of correlation coefficients: r = 0.87–0.99), but not with
non-PGC-1α-regulated proteins (r < 0.30) (Benton et al.
2008a,b, 2010), also strongly suggest that we are measuring
PGC-1α protein. Comparable observations have been
published recently by others in selected cell lines trans-
fected with PGC-1α (Aquilano et al. 2010; Consitt et al.
2010; Xiong et al. 2010). All of these very recent genetic
approaches by us and others suggest strongly that PGC-1α
protein can be detected appropriately by Western blotting
with polyclonal antibodies. Despite this we do recognize
that these experiments may require further confirmation
and that additional work is required to establish with
certainty that PGC-1α is being measured correctly.

We do recognize that there have been ongoing concerns
with the detection of PGC-1α protein for some years.
However, on balance, it would seem that in the past

several years many groups have independently amassed
considerable evidence, using genetic manipulations, to
allay, in part, the earlier concerns about the detection
of PGC-1α protein. This work has been performed in
animal and selected cell lines. We presume that by using
the same antibody in human muscle as has been used in
our published animal studies in which we overexpressed
PGC-1α (Benton et al. 2008a,b, 2010; Holloway et al. 2010;
Buddo & Bonen unpublished data) that changes in human
muscle PGC-1α protein are therefore also appropriately
reflected. Similar assumptions have been made by others
when performing experimental work in humans (Russell
et al. 2003; Kuhl et al. 2006; Burgomaster et al. 2008; Little
et al. 2010). Note, however, that care is required with
commercial antibodies and we have found it necessary
to routinely check each lot of PGC-1α antibody obtained
as to its suitability for our work.

Summary

This investigation revealed numerous rapid mRNA and
protein expression responses to repeated high-intensity
interval training sessions with a temporal precision
that has not been reported previously. Our findings
demonstrated the occurrence of repeated, transient
increases in mRNA to produce sustained increases in
the content of transcription and metabolic proteins as
previously proposed (Williams & Neufer, 1996; Booth
& Neufer, 2006). The mRNA response to exercise
was attenuated as the muscle adapted to the exercise
challenge, even as the training intensity increased.
Nevertheless, we found that increases in mitochondrial
proteins occurred within five days and following three
sessions of high-intensity interval training. Furthermore,
the rapid increase in β-HAD mRNA (4 h post-session
1) suggests the initial increases in mRNA for certain
mitochondrial proteins can occur without an initial
increase in the protein content of the PGC-1 and PPAR
isoforms, and NRF-2 and Tfam. However, the rapid
increase in PGC-1 and PPAR isoform protein contents
and NRF-2 within three exercise sessions may accelerate
the adaptive response to subsequent exercise bouts.
This may be especially true for PGC-1α and PPARα,
which increased after one session but before the initial
increase in mitochondrial proteins. Finally, the increase
in MFN-1 supported the greater degree of fusion that
occurs during training whereas the increases in Fis-1 and
DRP-1 suggested fission was also required for expanding
and/or re-modelling the morphology of the mitochondrial
reticulum. These observations reveal a dynamic temporal
sequence of molecular (mRNA and protein expression)
and potential morphological events during the early peri-
ods of exercise training in human skeletal muscle that
has not been apparent previously. These unique responses
raise the intriguing possibility that the contribution of
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each transcription protein in mediating mitochondrial
biogenesis may be time dependent.
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